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Although concrete and cement-based materials are Radiative Cooling Cement Paste

the most engineered materials employed by mankind, their o ry— _L-10um __L-100nm L~ 5nm
potential for use in daytime radiative cooling applications has yet _\O/_ @ a b | é‘.
to be fully explored. Due to its complex structure, which is GO - 000 g
composed of multiple phases and textural details, fine-tuning of Pofes Portlandite  C-8:HGel  Tobormorite
concrete is impossible without first analyzing its most important Ra"emﬂv\l f i wllN [T
ingredients. Here, the radiative cooling properties of Portlandite Sunlight Heat &%
(Ca(OH),) and Tobermorite (CasSisO,s(OH),-4H,0) are
studied due to their crucial relevance in cement and concrete
science and technology. Our findings demonstrate that, in contrast
to concrete (which is a strong infrared emitter but a poor sun
reflector), both Portlandite and Tobermorite exhibit good radiative
cooling capabilities. These results provide solid evidence that, with the correct optimization of composition and porosity, concrete
can be transformed into a material suitable for daytime radiative cooling.

Reflectance

Wavelength (um)

Concrete, radiative cooling, cementitious phases, Portlandite, C—S—H gel, Tobermorite, atomistic simulations,
homogenization models, scattering, Mie theory

containing certain pigments (typically TiO,) that are able to

Radiative cooling technology' utilizes the atmospheric trans- “cool” the building’s surface. Typically, these “cool-roof” paints

parency window (8—13 um), called the atmospheric window
(AW), to passively dissipate heat from the Earth to outer
space. All bodies on the Earth are in continuous exchange of
energy with the Sun and the atmosphere, with a net balance of
power that depends on the incoming solar and atmospheric
radiation, the emitted radiation, and nonradiative heat
exchanges.

So far, this technology has attracted wide interest from both
fundamental and applied sciences, due to its a priori high
potential in multiple applications like building cooling,
renewable energy harvesting, or even dew water production.”™"
Surely, building energy efficiency is the most important
application of radiative cooling technologies. The growth of
human population together with its agglomeration in cities and
urban areas is increasing very rapidly the building energy
consumption. Currently such consumption accounts for more
than 40% of the total energy consumption on the planet,”
among which a large portion comes from air conditioning and
refrigeration. Indeed, more than half of the electricity demand
in big cities of East Asia is for cooling purposes.’

Traditionally most of the constructive solutions reported in
the state of the art are based on polymer films and coatings’
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exhibit modest solar reflectance (R, ~ 0.85) and good
emissivity in the AW (eyy ~ 0.95), enabling temperature
reductions of around 20—30 °C and reasonable energy savings.
The advent of radiative cooling materials is expected to take
building energy efficiencies to the next level. However, current
progress has been largely based on either photonic
metamaterials®” containing scarce and expensive materials
with doubtful potential impact in any real building energy
solution or hierarchically porous polymer coatings'”"" which
can be scalable, but at the cost of more expensive industrial
manufacturing processes, sacrificing spectral selectivity per-
formance and suffering from durability issues (e.g, ultraviolet
UV degradation). Interestingly, more recent works have dug
into possible durability solutions concerning environmental
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Figure 1. (a) Schematic description of a cement paste. (b) Crystalline structure of Portlandite (Ca(OH),). (c) Crystalline structure of
Tobermorite (Ca;SigO,4(OH),-4H,0). Notation of the atoms: light blue = Calcium, dark blue = Silicon; red = Oxygen; white = Hydrogen.

aging'” or improving the scalability of all-day radiative cooling
solutions.> ™"

In addition to coatings and thin films, certain structural
building materials have also been investigated for their
radiative cooling properties. Specifically, the cellulose structure
of both engineered wood'® and biomass fibers'” has shown
potential for creating bulky structures with daytime radiative
cooling capabilities. Despite the fact that concrete and cement-
based materials are the most used materials by mankind (just
behind water) and play a dominant role in any building and
urban design, the potential for exploiting the intrinsic radiative
cooling properties of concrete has not yet received the
attention it deserves. While a large number of papers have
focused on improving the albedo of concrete and pave-
ments,'®'? to the best of our knowledge, only three papers
have explored the potential of using cement-based materials for
daytime radiative cooling purposes. The first one™” illustrated
that white cements in combination with large amounts of
whitening agents (about 150% by weight of cement) turned to
give —26.2W/m? as net-radiative cooling power. This value is
in stark contrast to the poor cooling power (about —600 W/
m?) of typical Ordinary Portland Cement (OPC) concretes. In
fact, the achieved cooling power is sufficiently close to zero so
as to hold promise that cementitious materials can be turned
into daytime radiative cooling materials with minor design
improvements. The other two published papers (done by some
of the authors of this work) explored by computational
methods the potential use of concrete for cooling and
concomitantly improving the efficiency of solar cells” and
the use of dispersive nanoparticles to enable suppressed-
scattering windows, allowing for selective thermal emission
within a highly reflective sample.”

A quick insight into concrete’s structure reveals its ample
potential for effective optimization. The cementitious matrix is
a complex hierarchical porous glassy composite””** formed
upon the reaction of cement grains and water.”” In a simplified
viewpoint, the cement paste is composed of calcium hydroxide
crystallites (Ca(OH),, Portlandite), embedded into an
amorphous nanostructured hydration product, the so-called
C—S—H gel (see the schematic in Figure la).

Portlandite is the mineral name of crystalline calcium
hydroxide, with the chemical formula Ca(OH), or CH in

cement chemistry notation. It is the crystalline product present
in major quantities in the cement matrix, up to 25% in volume,
and appears as massive crystals which can reach sizes of
micrometers.”” Portlandite has a layered structure, with
calcium atoms octahedrally coordinated to OH groups; see
Figure 1(b).

Doubtlessly, the most important cement hydration product
is the C—S—H gel. It constitutes up to 70% vol of the solid
phase and is, therefore, the main component responsible for
the material properties. The C—S—H gel is an amorphous and
porous material with a variable stoichiometry. The intrinsic
structure of the C—S—H gel is still unknown. Although it
manifests itself at the scale of a few nanometers in a colloidal
fashion,”*™*° much of the current understanding of the short-
range ordering of C—S—H gel has been gained through
comparisons with mineral analogs, such as Tobermorite.>’ >
This calcium silicate hydrate mineral has a sheetlike structure
of Ca—O layers ribbed by silicate chains (see Figure 1c).

In this work, the intrinsic radiative cooling properties of
Portlandite and Tobermorite minerals are presented, combin-
ing reflectance and emissivity measurements with computa-
tional simulations. For comparison purposes, the results of
both minerals will be discussed in comparison with the values
of a real cement paste that has been specifically prepared for
this purpose. These results provide valuable insights into the
optimization of concrete to achieve effective daytime radiative
cooling.

Portlandite (Ca(OH),, CH in cement notation) was a >95% pure
laboratory reagent purchased from Sigma-Aldrich. In the case of
Tobermorite, the used sample corresponds to the Aluminum free
Tobermorite sample synthesized in ref 33. Structural and size
characterizations of both minerals can be found in the Supporting
Information.

For preparing the cement paste, white cement (BL I 52.5 R cement
provided by Cementos Cruz (Spain)) was mixed with water in a
water-to-cement ratio of 0.3. The cement paste was cast in a
cylindrical mold (@38 mm X H15 mm) and sealed. After 24 h, the
resulting disc was moved to a hermetically closed desiccator with
100% RH and kept at 20 °C. The chemical composition of the white
cement (WC) is shown in Table 1.
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Table 1. WC Composition is Expressed in Terms of Percentages of Oxides”

SiO, ALO; Fe,0, MnO MgO CaO
20.74 3.76 0.16 LD 0.52 62.94
“LOI = loss of ignition.

Fourier Transform Infrared (FTIR) experiments were carried out by
means of a Jasco 6300 spectrometer in the mid infrared range.
Measurements were conducted at ambient temperature (assumed to
be 25 °C, unless otherwise stated). In order to minimize errors due to
background and lamp intensity variations, background runs were
recorded just before every sample measurement.

The vibrational absorption spectra of the samples were recorded in
an Attenuated Total Reflectance (ATR) configuration by means of a
single reflection diamond ATR from Specac, equipped with a N,
purge. Samples were ground to obtain fine powders with a mesh size
smaller than 45 ym and directly placed on top of the diamond prism.
Pressure was then applied by screwing the anvil until absorption peak
intensity reached a maximum value.

The reflectivity of the samples was determined by means of a gold-
coated 12° integrating sphere in downward configuration equipped
with an MCT detector from PIKE. For these measurements, samples
consisted of either solid pieces or fine-grained powders, which were
inserted into the sphere according to manufacturer specifications.

The sun reflectance of the samples in the range of 0.25 ym—2.5 ym
was characterized by using a UV—vis—NIR spectrometer (410-
SOLAR). Besides, to correctly calculate the average reflectance over
the sun wavelengths (Ry,,), we have used the following equation

A P (2) % R(A)dA

25um S0

Rsun m
A P (2)dA

25um sS4

(1)

where the sun irradiation (I,,) was taken from the ASTM G173

Global Solar spectrum.34

un.

All the atomistic simulations have been implemented with the
GULP package.‘}’5 Moreover, the inter(intra) atomic inter-
actions have been described through the nonreactive force field
employed in ref 36. This force-field describes the polarizability
of the oxygen atoms by a core—shell approach®” and allows the
estimation of Born effective charges. This is essential for the
estimation of the frequency dependent dielectric function
(section 3.2).

The starting structures of CH and Tobermorite correspond
to the ones experimentally resolved in refs 38 and 39,
respectively. The experimental data were later optimized by
relaxing the unit cells and atomic forces. The search for the
energy local minima followed the Newtons-Raphson procedure
with the Broyden-Fletcher-Goldfarb-Shannon (BFGS) proto-
col” to update the Hessian. The lattice constants obtained
after the optimization of Portlandite and Tobermorite
structures are listed in Table 2. The models agree well with
the experimental values (shown in parentheses). For
completeness, the elastic properties were also evaluated.
They involve second order derivatives of the energy, and a
good description is necessary for the posterior description of
the dielectric response. The Bulk (K) and Shear (G) moduli
were determined by the Hill definition,*" while the Young’s
modulus (E) and Poisson’s ratios (v) were evaluated by
assuming isotropic media, i.e. E = (9G) /(3+G/k) and v = (3—

Na,0 K,0 TiO, P,0; SO, LOI
LD 0.64 023 0.05 326 4.06

2G/K)/(6 + 2G/K). Like the lattice constants, the utilized
force field is recognized for its ability to accurately reproduce

the available elastic constants of Portlandite and Tobermor-
. 36,42
ite.”

The complex dielectric function of cement-based materials can
be calculated following the protocol employed in refs 21, 22,
and 47. In essence, the underlying idea is that the dielectric
function can be calculated in terms of the atomic vibrations
(phonons) and more specifically in terms of the oscillator
strength € as

des m
ir '} sz
e.(w) = e.(o0 +—27
t]( ) z]( ) v ~ wri _ wZ (2)

where the oscillator strength tensor for each vibrational mode
m depends on the Born effective charges (q°) and the
eigenvector (e;) for that mode according to

B B
N N

D D

Q. = j By

aff — Z 1/2 Z 1/2

Tom Tom 3)

To avoid the singularities of eq 2, a small damping term has
been used (25 cm™" unless otherwise said). Besides, only the
diagonal values of the dielectric function matrix have been
considered to estimate the values of the dielectric function; i.e.,
we have taken ¢ (w) = (¢, (w) + Syy(a)) + &,,(w))/3 for the
real (¢;) and imaginary part (&,).

The dielectric functions obtained for CH and Tobermorite
are presented in Figure 2.

From the knowledge of the dielectric function, other
measurable properties can be determined like the complex
index of refraction

N(w) = Je(w) = n(w) + ik(w) (4)

with refractive index n(w)

r 3 3 q1/2
VE T & + g

2

n(w) =

and extinction coefficient k(w)

- /2
Vel +e —
& TE &

k(w) = 5

(6)

The absorption coefficient a(w) and the normal incidence
reflectivity R(w) then follow as

a(w) = Zk(w) = L2 [e2 1 e — o]
c c (7)
_(n— 1)* + K
R@) = e (8)

with ¢ denoting the speed of light.

https://doi.org/10.1021/acsaom.3c00082
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a

Table 2. Lattice Constants and Elastic Properties of CH and Tobermorite

elastic properties (GPa)

unit cell parameters

v (deg)
120 (120)

f (deg)
90 (90)
90 (90)

a (deg)
90 (90)
90 (90)

c (&)

4.94 (4.90)

b (A)
3.55 (3.59)

a (A)
3.55 (3.59)%

0.30

35.50 (40.3," 36*)

85.96

13.55 (16.36)*

32.98

31.13 (39.6")

CH

0.30

72.85 (71 + 4, 71 + 2%9)

123.05 (123.25)

6.77 (6,735)*° 7.419 (7.385) 23.222 (22.487)

“When available, experimental data is shown in parentheses.

Tobermorite Exp

Scattering Q,., and absorption Q. efficiency factors were

obtained via decomgposition into spherical harmonics in

standard Mie theory4

1 27
=35 2 n+1)(al + 1)
ma” kT 9)
1 27 « 5 X
Q. = —7 2 (2n + 1)(Re[a,] — la,® + Re[b,] — I5,)
(10)
where a is the nanoparticle radius, and k = @/c is the

propagation constant. The sum runs over the orthogonal
contributions of each spherical harmonic and was truncated at
N = 30 after checking for convergence. a, and b, are the n*
order scattering coeflicient for TM and TE spherical
harmonics, respectively, given by

m?j, (mx) [, (x)] = j, () [magj, (mac) T
m?, () [xh V() = hD () Imag, (m)] (1)

)l () — () ()]
U )T = BV ) [mag (ma) ) (12)
where we have defined the size parameter x = ka, and the

contrast parameter m = /Sp/ &, ju(x) is the spherical Bessel

function of the first kind and order n, and h{"(x) is the
spherical Hankel function of the first kind and order n.

To qualitatively interpret the experimental emissivity data in
the IR spectral range, we have defined the effective permittivity
of white cement (WC) as follows. Starting from the simulated
dielectric function of Tobermorite (CSH), we have obtained
the effective permittivity €.gyy of the porous CSH subdomains
by solving the following Bruggeman equation™’

€csH — €csH

€ir — €csH

Josn - i -
€csu + 26y €y + 2€cgy (13)

where fcgy is the volume fraction of tobermorite, f,; is the
volume fraction of air, €cgy is the complex permittivity of
Tobermorite, and €, is the complex permittivity of air. The
introduction of air enables us to account for the porosity when
calculating the electromagnetic properties of the sample.

Later, since the C—S—H gel subdomains are mixed with
Portlandite (CH) subdomains in the cementitious matrix, we
have used the simulated CH dielectric function in a second
homogenization step to obtain the white cement (WC)
effective permittivity by solving another Bruggeman’s formula
€cu — Ewc

€csu — Cwe
CSH = - cH -
€csu T 2€y¢ €cu t 26y ¢ (14)

where the meaning of the symbols is self-explanatory. This
equation is valid as long as the pore size is much smaller than
the radiation wavelength, which is the case in the IR spectral
range, because the pore size of the C—S—H gel belongs to the
nanoscale.

This effective-medium approach is similar (although not
identical) to the one used in ref S0 to study the terahertz
response of cementitious samples.

https://doi.org/10.1021/acsaom.3c00082
ACS Appl. Opt. Mater. XXXX, XXX, XXX—XXX


pubs.acs.org/acsaom?ref=pdf
https://doi.org/10.1021/acsaom.3c00082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

60 - 6 -
@) ) .
40 © Portlandite 5¢ Tobermorite
Ca(OH)2 4 —et
=UJ 20 - =w 3
w - 2
0 - ’ J
20 0 -
R
-40 . 1 | -2 | - Ll
0 5 10 15 20 25 0 5 10 15 20 25

Figure 2. Dielectric functions of Portlandite (a) and Tobermorite (b). In the solid red line is shown the real part, whereas in the dashed green line

is the imaginary part.
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Figure 3. ATR experiments over CH (a) and Tobermorite (b).
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Figure 4. (a) Experimental reflectance of Portlandite (CH). Map of (b) scattering Q,, and (c) absorption Q,, efficiency factors as a function of the
Portlandite particle size and wavelength. (d) Scattering and absorption efficiency factors for CH after weighting with the experimental size

distribution (see the Supporting Information).

Finally, in order to describe qualitatively the emission
properties of samples made of porous Tobermorite and
Portlandite, we have applied the transfer-matrix method
(TMM)*" to a 1 mm thick planar slab made of these materials,
placed onto an ideal bottom reflector, to mimic the placement

of the sample on a reflecting sample holder.

By this method, described in detail in ref 51, one can obtain
the spectral directional reflectance of the sample R, ;(4,0) as a
function of the wavelength and incidence angle. The
corresponding spectral directional absorbance is Ag;(4,0) =
1 — Rg;(4,0), since the transmittance is Tg; = 0. Because of
Kirchhoff’s law, the spectral directional emissivity is equal to
AQJA(/LG).SZ Finally, one can obtain the spectral absorbance/

https://doi.org/10.1021/acsaom.3c00082
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experimental size distribution (Supporting Information).

emissivity A;(1) by performing an angular average on the
spectral directional absorbance (the same relation can be used
to obtain the spectral reflectance):

/2
AQ) =2 / Ag, (2, 8) cos(6) sin(6)dd
0 ' (1s)
A more detailed description of the procedure, from effective-
medium-theory to transfer-matrix-method simulations, can be
found in ref 21.

Figure 3 displays the ATR FTIR spectra of Portlandite (part a)
and Tobermorite (part b) compared to the absorption
coefficients obtained by the force-field simulations. The
structure of Portlandite is quite simple, and the main
absorbance peaks correspond to O—H stretching modes at
~1.45 pum and Ca—O stretching modes at about 25 pm
(outside our experimental observation window). The sample
also exhibits a peak at ~7 pm that indicates the presence of
traces of Calcite.

The case of Tobermorite is more complex. As expected,
both the experimental observation and computational
prediction give prominent absorption peaks within the
atmospheric window (shaded blue area), corresponding to
Si—O stretching vibrations. Additionally, the experiments
present a noticeable peak at 7 ym, which is consistent with
the presence (5% BW) of Calcite in the Tobermorite sample.
For completeness, the experimental peaks of absorption of
Calcite are also plotted in Figure 3(b) (dashed blue line). The
extra peaks from the experiments and modeling at 6 and 2.5—3
um are consequences of water and OH vibrations.

Figure 4(a) shows the reflectance of Portlandite. The first
thing worth remarking is the high reflectance in the solar
domain. The average solar reflectance (Ry,, = 0.93) is clearly
higher than those found in concretes with large doses of TiO,
(<0.83)* and within the range of threshold values (R, ~

0.875—0.95) proposed in ref 10 for achieving subambient
cooling. This result indicates that intrinsic cementitious phases
such as Portlandite can exhibit daytime radiative cooling
properties. Besides, the emissivity of Portlandite within the
atmospheric window (e, = 0.84) turns out to be much larger
than the one expected from its weak absorbance in the AW.
This is, of course, due to a refractive index close to 1 (note
from Figure 2(a) that €, is close to 1 in the AW).

Figure 4(b),(c) depicts the scattering and absorption
efficiency factors of microparticles made of these materials as
a function of wavelength and nanoparticle radius, computed by
using Mie-scattering theory (see Methods: calculation of the
scattering efficiency). The numerical results highlight the
critical role of material dispersion on the scattering perform-
ance of the composite. At visible frequencies, the permittivity
of Portandite approximates the response of a dielectric with
negligible dispersion and loss (Figure 2(a)). Therefore, its
scattering efficiency (Q,) presents multiple Mie-scattering
resonances that scale linearly with the nanoparticle size, while
featuring a much smaller absorption efficiency Q. This effect
justifies the high solar reflectance observed in the experiments.
By contrast, a wide “suppressed scattering spectral window”*”
is observed at longer wavelengths, where the permittivity is
close to unity, and the scattering and absorption spectra are
devoid of any resonance. At even longer wavelengths,
Portlandite presents a strong scattering response in a band in
which its permittivity is negative. Consequently, the resonances
in such a band have a more “plasmonic-like” character, they are
present even for deeply subwavelength sizes, and they are
accompanied by larger absorption efficiencies.

Once the scattering and absorption efficiency factors are
weighted with the experimental size distribution (Supporting
Information), the obtained results can be found in Figure 4(d).
The good qualitative agreement between the experimental
reflectance and the computed scattering efficiency is
remarkable. In fact, the scattering efficiency factor captures
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well the highest reflectance peaks at 1 ym and the broad one
appearing at 4 um. This result evidences that the response of
Portlandite at visible frequencies is largely determined by
geometrically driven optical resonances, providing a high sun
reflectance, while the response at longer infrared wavelengths is
predominantly influenced by material dispersion and loss.

Similar conclusions can be drawn for the case of
Tobermorite. The experimental reflectance of Tobermorite is
displayed in Figure 5(a). Again, the values obtained for the sun
reflectance of Tobermorite (Ry,, = 0.75) are higher than those
reported for concrete,”’ though in lower degree. Indeed, the
values fall below the aforementioned threshold values required
to achieve daytime radiative cooling. Besides, the emissivity of
Tobermorite within the atmospheric window (esy = 0.87) is
slightly larger than the one of Portlandite.

Numerical calculations for the absorption and scattering
response of Tobermorite are also reported in Figure 5(b),(c),
respectively. Similar to Portlandite, the scattering response of
Tobermorite in the visible range is characterized by a number
of Mie scattering resonances with large Q. and low Qg
values, which justify its high sun reflectance. By contrast, the
scattering response of Tobermorite at longer infrared wave-
lengths is characterized by several resonant bands, where both
Queat and Qg are significant. Such qualitatively different
scattering behavior is a direct consequence of the lossy and
dispersive permittivity response of Tobermorite in such a
frequency band (see Figure 2b). In turn, the more dominant
presence of Q,y, justifies the lower reflectance.

After the analysis was done for Portlandite and Tobermorite
minerals, it would be interesting to extrapolate our conclusions
to realistic cement pastes. Figure 6 illustrates the reflectances
measured for Portlandite and Tobermorite in comparison to
the one of a realistic 28-day-old white cement paste.
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Figure 6. Reflectances of Portlandite (CH) (solid blue line) and
Tobermorite (TOB) (dashed green line) in comparison to the one of
a white cement paste (WC paste) (dashed red line). The solar domain
and atmospheric window are shown by shaded yellow and light bluish
green areas, respectively. The solar domain (0.25 pm—2.5 um) is
enlarged in the inset.

As expected, the solar reflectance of the white cement paste
(Ryun = 0.66) is clearly lower than that of Tobermorite (R, =
0.75) and especially worse than that of Portlandite (R, =
0.93). As previously discussed, the scattering factor analysis has
evidenced that this wavelength domain is largely controlled by
geometrically driven optical resonances. Therefore, it is clear
that tuning the cement composition, as well as its micro and
nanostructure, is key to controlling its reflectivity. As a simple
rule of the thumb, our study clearly indicates that cementitious
composition should be tuned so as to promote the appearance
of Portlandite.

The second aspect to discuss is the higher emissivity of the
white cement paste (ejy = 0.93) with respect to those of
Portlandite (e, = 0.84) and Tobermorite (e4y = 0.87) within
the AW. Moreover, it is worth noting that all three materials,
especially the white cement paste, show high and unselective
emissivities for wavelengths above 3 ym. These characteristics
provide suitable conditions for developin§ building solutions
that utilize nocturnal radiative cooling.”® To explore the
emissivity of the white cement paste in further detail, we have
employed a homogenization scheme (see Methods) to
describe a simplified cement paste as shown in Figure 1(a).
In fact, three simple models have been considered assuming
different volume percentages of Portlandite, Tobermorite, and
nanovoids (see Table 3). Essentially C—S—H gel is
approximated by Tobermorite with nanovoids.

Table 3. Volumetric Fraction of the Three Models of White
Cement Paste

cement paste CSH gel
CH CSH Tobermorite ~ Nanovoid
computational models (%) (%) (%) (%)
white cement paste 1 25 75 65 35
(WC1)
white cement paste 2 10 90 65 35
(WeC2)
white cement paste 3 25 75 75 25
(WC3)

The spectral emissivity of the three models is depicted in
Figure 7 in comparison to that of the experimental observation.
Given the crude approach followed, the models capture
reasonably well the overall spectral emissivity of the cement
paste.

Beyond the comparison to the experiment, it is clear from
the computational models that the WC2 (the one with the
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Figure 7. Spectral emissivity of the three models of white cement
pastes compared to the experimental data (exp).
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lowest CH content) exhibits the lowest emissivity, whereas the
WC1 (the one with higher nanoporosity) shows the highest
emissivity. These results seem to favor both the presence of
Portlandite and the nanoporosity of C—S—H gel to enhance
the emissivity of cement pastes in the AW. Keeping in mind
that the refractive index of Portlandite is close to the one of air
in the AW (see Figure 2(a)), both results stem from the same
reason. First, increasing porosity increases the volume fraction
having the permittivity of air and reduces the volume fraction
having the permittivity of white cement, leading to an effective
permittivity gradually closer to the one of air, as can be
observed from the refractive index data in Figure S4(a).
Second, since the simulated white cement layer is very thick (1
mm) and lossy, all incoming electromagnetic radiation is either
immediately reflected at the air/sample interface or absorbed
within the sample, ie. the radiation penetration depth is
smaller than the layer thickness. Now, when porosity is
increased, the refractive index of the cement becomes closer to
the one of air; therefore, the reflectance is reduced, and the
absorbance/emissivity is increased. At lower wavelengths, the
situation is reversed because the penetration depth is not
smaller than the layer thickness anymore due to decreased
absorbance. Then, part of the radiation reaches the bottom
mirror that reflects it back, crosses again the cement layer, and
escapes from the cement/air interface, de facto increasing the
overall reflectance, as shown in Figure 7 containing the
simulated and experimental spectral reflectance data.

In summary, the intrinsic radiative cooling properties of
Portlandite and Tobermorite minerals have been studied by
reflectance measurements and computational simulations. In
comparison to the values found in normal cement pastes, the
solar reflectances of Tobermorite and especially the one of
Portlandite are clearly higher. The findings suggest that cement
pastes with a higher proportion of Portlandite are more
effective at enhancing solar reflectance, which could be
achieved through the use of lime-rich binders in practical
applications. Additionally, both minerals have intrinsic infrared
emissivities lower than those of cement pastes. Our simulations
attribute this result to the nanoporosity of the C—S—H gel.
Thus, to increase the IR-emittance, cement pastes with the
highest possible C—S—H gel nanoporosity should be
produced. Appropriate curing conditions involving the temper-
ature and humidity can be adjusted to achieve this.

Overall, the results obtained in this study highlight the
potential of using Portlandite and Tobermorite for radiative
cooling applications and provide valuable insights into the
optimization of concrete composition and porosity to achieve
effective daytime and nighttime radiative cooling. Future
studies should further explore the potential of these materials
as well as other cement-based materials for a range of radiative
cooling applications in different climates and environments.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaom.3c00082.
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AW, atmospheric window; CH, Portlandite; CSH, Tobermor-
ite mineral; C—S—H gel, calcium silicate hydrate gel; WC,
white cement
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